479.4Ϯ77.2 mmHg) was about 5.0% lower than that under the normoxic condition (Pa O 2 ϭ105.5Ϯ 7.8 mmHg) (pϽ0.01), suggesting mild vasoconstriction under the condition of hyperoxia at rest. The peak value of normalized evoked LCBF under the hyperoxic condition was about 6.5% higher than that under the normoxic condition (pϽ0.05). In addition, the rise time of evoked LCBF was earlier under the hyperoxic condition (0.37Ϯ0.16 s) than that under the normoxic condition (0.52Ϯ0.12 s) (pϽ0.01). The field potential measured during stimulation under hypercapnic and hyperoxic conditions was not significantly different when compared with that under normal gas conditions. These results support our hypothesis and suggest that the excess oxygen is involved in the mechanism underlying the regulation of LCBF. [Japanese Journal of Physiology, 50, 115-123, 2000] LCBF and oxygen metabolism. In our previous study, we reported that LCBF increased nearly proportionally to the intensity of cortical activation [14, 15] . These suggest that the degree of increase in LCBF is dependent on neuronal activity, but not on oxygen consumption. Thus, it is hypothesized that the increase in LCBF is not directed toward supplying oxygen for oxidative metabolism, but is caused by the mechanisms operative on the blood vessels which are proportional to neuronal activity. If this hypothesis were correct, the same level of cortical activity should yield the same degree of absolute LCBF increase during cortical activation (evoked LCBF) even if the oxygen concentration in the tissue or blood supply is increased to a superabundant level.
Studies of evoked LCBF at various levels of global CBF have been described by some investigators [16] [17] [18] . However, there have been only a few attempts to measure the evoked LCBF under conditions of hyperoxia [19] , and no estimation so far of the time course of changes in the evoked LCBF under conditions of excessive blood supply or hyperoxia. In general, hypercapnia leads to an increase in the blood supply due to the dilation of resistance vessels, and hyperoxia causes excess oxygen tension in the brain tissue. In the present study, we tested the above hypothesis by measuring the neuronal activity using an electrode inserted into the cortex and evoked LCBF using a laserDoppler flowmetry (LDF) during activation of the somatosensory cortex under hypercapnic, hyperoxic and normal gas conditions (normocapnia and normoxia). Such data are of potential value for understanding the mechanism underlying LCBF regulation during cortical activation.
MATERIALS AND METHODS
A Sprague-Dawley rat was anesthetized with halothane (4% for induction and 1.5% during surgery) in 30% oxygen and 70% nitrous oxide. The tail artery and left femoral vein were cannulated for monitoring the blood pressure, blood gas sampling, and intravenous drug administration. Following a tracheotomy, ␣-chloralose (75 mg kg Ϫ1 , I.V.) was administered, and halothane and nitrous oxide were discontinued. The rat was immobilized with pancuronium bromide (0.7 mg kg Ϫ1 , I.V.), and ventilated with a respirator (SN-480-7, Shinano, Japan) throughout the experimental period. Anesthesia was maintained with ␣-chloralose (45 mg kg Ϫ1 h
Ϫ1
, I.V.) and muscle relaxation with pancuronium bromide (0.8 mg kg Ϫ1 h Ϫ1 , I.V.). The body temperature was maintained at about 37.0°C with the aid of a heating pad (ATC-101, Unique Medical, Japan). Arterial blood was sampled for blood gas analysis before and immediately after each examination (Fig. 1) . Arterial blood pressure was monitored during the experiments and the mean arterial blood pressure (MABP) was calculated as the average at three time points (i.e., before, during and immediately after each examination). The rat was fixed in a stereotactic frame, and the parietal bone was thinned to translucency at the left somatosensory cortex over an area of 3ϫ3 mm, centered 2.5 mm caudal and 2.5 mm lateral to the bregma.
To ensure stability of the animals condition, measurements were performed 2-3 h after the preparation. Activation of the cortex was carried out by electrical pulse stimulation of the hind paw (pulse width 0.1 ms) using a pair of small needle electrodes inserted under the skin of the right hind paw. Electrical stimuli of 5 Hz and 5 s duration with the intensity of 1.5 mA were administered. This stimulus intensity did not cause any change in the systemic MABP during the stimulation [14] . Fifty successive stimuli were applied at 60-s intervals. Under the normal gas condition (normoxia-normocapnia), the Pa CO 2 levels were maintained within a range of 32-40 mm Hg and the Pa O 2 levels in the range of 90-120 mmHg by regulating the stroke volume of ventilation and the fractional concentration of oxygen in the inspired gas, respectively. For the experiments under the hypercapnic condition, we used 13 rats, and first examined the LCBF responses to normocapnia followed by those to hypercapnia after 20 min of hypercapnic ventilation. For hypercapnic ventilation, approximately 2.5% carbon dioxide was mixed with the gas administered under the normal gas condition. For the experiments under the hyperoxic condition also, we used 13 rats, and first examined the LCBF responses to normoxia followed by those to hyperoxia after 20 min of oxygen ventilation. In 12 other rats used for the control experiments, the LCBF responses under the normal gas condition were examined twice under the same time schedule as that for the hypercapnia and hyperoxia experiments (Fig. 1) .
LCBF was measured with a LDF (Ne-He, wavelength of 780 nm, maximal intensity of 0.8 mW; Periflux 4001 Master, Perimed, Sweden) equipped with a LDF probe with a tip diameter of 0.46 mm (Probe 411, Perimed, Sweden). The area of LDF measurement was about 1 mm 3 [20] . The time constant was set to 0.03 s. The LDF probe was placed in the somatosensory area of the hind paw, perpendicular to the brain surface. It was attached to the thinned parietal bone and then fine-positioned for detecting maximum signal changes during stimulation, avoiding areas with large blood vessels.
The LDF signals and arterial blood pressure were recorded continuously using MacLab data acquisition software (AD Instruments, Australia), and outputs from 50 successive measurements were accumulated. Data were digitized at 40 Hz and saved on a disk for off-line analyses. The LDF data were normalized to the prestimulus value (baseline level), which we define in this paper as normalized LCBF. The rise time of the LDF signal was determined as the intersection of the baseline by the extrapolated line which was drawn on the normalized response curve from 90 to 10% of the peak. The termination time was also determined as the time at the intersection of the baseline by a similar extrapolated line (detail in Matsuura et al. [14] ). The response magnitude was calculated as an integral of the normalized response curve from the rise time to the termination time, and was considered to reflect the total amount of increase in blood flow. The peak response value (percent of baseline) was calculated from the normalized response curve. These LDF data (i.e., rise time, response magnitude and peak response value) obtained at the first (normal gas condition) and second examinations (hypercapnic, hyperoxic, and normal gas conditions) were statistically analyzed by a t-test. For statistical analysis of the baseline levels, we also applied a paired t-test on the raw LDF data. We then normalized the baseline levels and peak response values to those of the normal gas condition.
To confirm neuronal activity during the somatosensory stimulations, the field potentials under hypercapnic, hyperoxic and normal gas conditions were recorded in another 14 rats (7 rats for hypercapnia and 7 other rats for hyperoxia experiments). A tungsten microelectrode (12 M⍀) was inserted into the somatosensory area of the hind paw through the thinned portion of the skull and was fixed using dental cement. The tip of the electrode was set at a depth of about 0.5 mm from the surface of the cortex. An AgAgCl indifferent electrode was placed between the skull bone and scalp. We first recorded the field potentials under normal gas condition followed by those under hypercapnic or hyperoxic conditions in the same time schedule as that for the LCBF measurement. Fifty successive signals of the field potential recordings were also accumulated using MacLab data acquisition software. In the field potential analysis, the number of spike-shaped potentials which exceeded the noise level during the stimulation period was counted. The mean amplitude of the field potentials was calculated as the average of the negative components of each potential. The electrophysiological data (latency, mean amplitude and number of field potentials) were statistically analyzed by the t-test. Values are given as meansϮSD.
Evoked CBF under Hypercapnia and Hyperoxia
Fig. 1. Protocol of hypercapnia, hyperoxia and control experiments.
Examination was carried out about 2-3 h after preparation of the animals. In the hypercapnia (nϭ13) and hyperoxia experiments (nϭ13), the LCBF responses under the normal gas condition were initially examined and then those under hypercapnic or hyperoxic conditions 20 min after changing the inspired gas. In the control experiment (nϭ12), the LCBF responses under the normal gas condition were examined twice under the same time schedule as that for the hypercapnia and hyperoxia experiments. At each examination, 50 successive stimuli of 5 Hz frequency and 5 s duration were applied at 60-s intervals and outputs from 50 successive measurements were accumulated using data acquisition software.
RESULTS

Animal condition during the experiments
As shown in Table 1 , the physiological variables were within the normal range in all of the experimental animals throughout the experimental period except for Pa CO 2 under the condition of hypercapnia and Pa O 2 under the condition of hyperoxia. The Pa O 2 under the hypercapnic condition and Pa CO 2 under the hyperoxic condition were within the normal range relative to those under the normal gas condition (NS). The MABP under the hypercapnic condition was lower than that under the normocapnic condition (pϽ0.001), while the MABP during the hyperoxia experiment remained stable throughout the experimental period.
The systemic arterial blood pressure showed no changes during the stimulations.
Neuronal activity of the somatosensory cortex during hind paw stimulation under hypercapnic and hyperoxic conditions
The latency, mean amplitude and number of field potentials were measured as a function of the neuronal activity during somatosensory stimulation. The mean latency of onset of the first potential was about 10.2 ms under the normal gas condition, and 10.0Ϯ0.7 and 10.1Ϯ0.7 ms, respectively, under hypercapnic and hyperoxic conditions (Table 2) . These values were not significantly different from each other.
In most rats under the normal gas condition, each There were significant differences between the hypercapnic and normocapnic, and hyperoxic and normoxic conditions (* pϽ0.001). Data of hypercapnia and hyperoxia experiments include both groups of LCBF and field potential measurements. MeanϮSD. electrical stimulus evoked a corresponding field potential (Fig. 2 ) [14] . Under hypercapnic and hyperoxic conditions, the field potentials showed the same frequencies as those under the normal gas condition ( Fig.  2 and Table 2 ). Moreover, there was no significant difference in the mean amplitude of field potentials either between hypercapnic and normocapnic conditions or between hyperoxic and normoxic conditions ( Fig. 2 and Table 2 ).
Effect on LCBF change
The baseline LCBF under the hypercapnic condition was about 46.5% higher than that under the normocapnic condition (pϽ0.001) (Fig. 3A) . On the other hand, the baseline LCBF under the hyperoxic condition was about 5.0% lower than that under the normoxic condition (pϽ0.01) (Fig. 3B) . In the control experiments, there was no significant difference in the baseline LCBF between the first and second examinations (data not shown).
The peak normalized evoked LCBF under the hypercapnic condition was decreased slightly compared to that under the normocapnic condition but the difference was not significant (Fig. 3A) . On the other hand, the peak normalized evoked LCBF under the hyperoxic condition was about 6.5% greater than that under the normoxic condition (pϽ0.05) (Fig. 3B) . During the control experiments, there was no significant difference in the peak normalized evoked LCBF between the first and second examinations.
The response magnitude of the evoked LCBF under the hyperoxic condition was about 64.4% greater than that under the normoxic condition (pϽ0.001), although there was no significant difference between Evoked CBF under Hypercapnia and Hyperoxia There were no significant differences in latency, amplitude and number of field potentials between hypercapnic and normocapnic, and hyperoxic and normoxic conditions. MeanϮSD. respectively. These data were normalized by those of the normal gas condition after statistical analysis. Note that the baseline level under the hypercapnic condition and that under the hyperoxic condition were, respectively, about 46.5% higher and 5.0% lower than that under the normal gas condition (pϽ0.01), and that the peak normalized evoked LCBF under the hyperoxic condition was greater than that under the normoxic condition (pϽ0.05), although there was no significant difference in the peak normalized evoked LCBF between the hypercapnic and normocapnic conditions. those under the hypercapnic and normocapnic conditions, and also no significant difference from that in the control experiment (Fig. 4) .
Time course of changes in the evoked LCBF
The rise time of the evoked LCBF was nearly constant, at approximately 0.5 s, under the normal gas condition (Table 3) . Under hypercapnic and normocapnic conditions, the rise times were 0.54Ϯ0.23 and 0.54Ϯ0.20 s, respectively (Table 3) . There was no significant difference in the rise times between the hypercapnic and normocapnic conditions (Fig. 5A) . However, the rise time under the hyperoxic condition was earlier than that under the normoxic condition (pϽ0.01) (Fig. 5B) . The mean rise time of the evoked LCBF under the hyperoxic condition was 0.37Ϯ 0.16 s, whereas it was about 0.52Ϯ0.12 s under the normoxic condition (Table 3) .
Within 3-4 s after the onset of stimulation, the evoked LCBF reached its peak value regardless of the blood gas condition (Fig. 5) . The time at which the evoked LCBF reached its peak value was not significantly different between either hypercapnic and nor- There was a significant difference in the rise time between the hyperoxic and normoxic conditions (* pϽ0.01). MeanϮ SD. mocapnic conditions or hyperoxic and normoxic conditions. However, under the hypercapnic and hyperoxic conditions, the evoked LCBF returned to the baseline level more slowly in comparison with that under the normal gas condition (Fig. 5) .
DISCUSSION
We measured the LCBF during activation of the rat somatosensory cortex by electrical stimulation of the hind paw under independent administration of additional carbon dioxide and oxygen. The changes in LCBF were detected using a LDF, and the time courses of the changes in LCBF were evaluated by the accumulation of multiple data in order to reduce the noise level. The described shorter rise time and enhancement of the evoked LCBF response under the hyperoxic condition combine to make the first report of LCBF measured using a LDF. The evoked LCBF is independent of the metabolic oxygen demand. In this study, we confirmed that the field potentials detected during stimulation under hypercapnic and hyperoxic conditions were not significantly different from those under the normal gas condition (Fig. 2 and Table 2 ), indicating that neuronal activity was not affected by hypercapnia and hyperoxia. This suggests that the energy metabolism was not altered by changes in blood gas conditions in our experiments.
The baseline LCBF under the hypercapnic condition was about 46.5% higher than that under the normocapnic condition (Fig. 3A) . The PO 2 in the cerebral cortex has been reported to be 20% higher under the hyperoxic condition (500 mmHg) than that under the normoxic condition (100 mmHg) [21] . If the evoked LCBF response was to increase the supply of oxygen for oxidative metabolism, the response of evoked LCBF under hypercapnic or hyperoxic conditions would be lower than that under the normal gas condition. Nevertheless, the present study showed that there was no significant difference in the magnitude of the evoked LCBF response between hypercapnic and normocapnic conditions after normalization for each baseline (Figs. 4 and 5A) , and that the normalized evoked LCBF under the hyperoxic condition was greater than that under the normoxic condition (Figs.  4 and 5B). These results support our hypothesis that the increase in LCBF is not directed toward supplying oxygen for oxidative metabolism.
The brain has a high rate of aerobic metabolism. During cortical activation, the brain tissue exhibits an increased demand not only for oxygen supply but also the supply of other substrates (e.g., glucose) as an energy source of neuronal spiking. There is the possibility that the evoked LCBF plays the role of supplying other substrates for metabolism. However, this possibility was not found to be true based on the results of a hypercapnia experiment in which the substrates were supplied in abundance. In addition, we and others confirmed that the evoked LCBF increased nearly proportionally to the intensity of neuronal activity [14, 15, 22] . These results suggest that the evoked LCBF is a basic response of the blood vessels to neuronal activity.
Effect of hypercapnia on evoked LCBF. Despite the increase in baseline LCBF with the increase in Pa CO 2 level (Fig. 3A) , the peak normalized evoked LCBF and magnitude of the evoked LCBF response were not affected by the Pa CO 2 level (Figs. 3A  and 4) . The relationship between the baseline LCBF and evoked LCBF under various Pa CO 2 levels has been reported in several previous studies performed using the 133 Xe-inhalation technique [17] and positron emission tomography (PET) [16, 18] . They described that the absolute LCBF during neuronal activation changed proportionally with the change in the baseline LCBF [16] [17] [18] . This means that the normalized evoked LCBF was the same regardless of the Pa CO 2 level, which is consistent with the results of our study (Fig. 4) . These results indicate that the normalized evoked LCBF is not affected by changes in the baseline LCBF.
It is possible that the physiological interpretation of these phenomena consists of either changes in the activity level of neurogenic regulation, differences in metabolic rate, or differences in the level of vasodilation induced in resistance vessels by Pa CO 2 . The firing rate of the facial nerve, which provides vasodilator fibers, does not change under the hypercapnic condition [23] . This suggests that the activity level of neurogenic regulation is independent of the Pa CO 2 level. From a brief hypercapnia experiment, Schmitz et al. [24] reported the possibility that the metabolic rate is influenced by the Pa CO 2 level. However, their experiment was performed following a brief period of hypercapnia and not during hypercapnia. A most likely interpretation is based on "the law of initial value," which suggests that a LCBF response is evoked in addition to the hyperperfusion induced by Pa CO 2 [17, 18] .
In the present study, we showed that hypercapnia had no effect on the rise time of the evoked LCBF ( Fig. 5A and Table 3 ), indicating that the onset of the LCBF response is independent of the baseline LCBF. However, the return of the evoked LCBF to the prestimulus (baseline) level under the hypercapnic condi-tion was delayed in comparison to that under the normal gas condition (Fig. 5A ). This suggests that carbon dioxide affects the behavior of the blood vessels during the phase of return of the LCBF to the baseline level.
Effect of hyperoxia on evoked LCBF. The baseline LCBF under the hyperoxic condition was decreased in comparison with that under the normoxic condition (Fig. 3B) . There are many reports on changes in CBF during hyperoxia at rest [25] [26] [27] [28] . All of these showed that the CBF decreased under the hyperoxic condition in comparison with that under the normoxic condition, suggesting vasoconstriction. However, the mechanisms underlying the vasoconstriction during hyperoxia are not yet clear. Several possible mechanisms have been proposed: hypocapnia with hyperoxia, probably due to the Bohr effect [28] ; direct action of oxygen on the vessels [29, 30] ; and neurogenic regulation [27] . In the present paper, it is difficult to explain hyperoxia-induced hypocapnia, because the Pa CO 2 level did not change during the hyperoxia experiment (Table 1) [25, 26] . On the other hand, there are some in vitro experiments which have shown that the resistance of the vessels can be changed by varying the partial pressure of oxygen [29] [30] [31] , suggesting that the direct action of oxygen on the capillary and/or other vessels is one of the factors underlying vasoconstriction. Neurogenic regulation could also be another factor underlying the vasoconstriction [27] .
The present study showed that the peak normalized evoked LCBF under the hyperoxic condition was approximately 6.5% higher than that under the normoxic condition (Fig. 3B) , and the response magnitude of LCBF under the hyperoxic condition was approximately 64.4% higher than that under the normoxic condition (Fig. 4) . There are two possible mechanisms underlying the enhancement of the normalized evoked LCBF under the hyperoxic condition. One is that the normalized evoked LCBF under the hyperoxic condition shows only an apparent increase, because of the approximately 6.5% higher peak value and the approximately 5.0% decrease in the baseline LCBF under the hyperoxic condition in comparison with that under the normoxic condition. However, the decrease in absolute evoked CBF under the hypocapnic condition correlated positively with the baseline CBF [16, 18] , suggesting that a decrease in the baseline level of LCBF does not affect the normalized evoked LCBF (see above discussion).
The other possible mechanism is the existence of an interaction mechanism with oxygen during the LCBF change, and our results suggest this possibility. A likely mechanism for the enhancement of the normalized evoked LCBF is interference by hyperoxia of the functions of other mediators of cortical activation, such as potassium [2, 3] , nitric oxide [5, 6] , hydrogen ions [3] and adenosine [4] . It is known that the concentrations of potassium and nitric oxide increase promptly after the onset of neuronal activation [3, 5, 6] , whereas those of hydrogen ions and adenosine increase after the onset of LCBF response [3, 4] . In the present study, we found that the evoked LCBF under the hyperoxic condition increased earlier, by approximately 0.15 s, than that under the normoxic condition ( Fig. 5B and Table 3 ). This phenomenon was not caused by the excessive increase in the normalized evoked LCBF because the rise time of 0.5 s is consistent regardless of the degree of LCBF increase within the normal range of neuronal activity [14, 15] . Therefore, the role of oxygen may be to prompt the action of potassium and/or nitric oxide involved in the initial LCBF regulation. Moreover, we showed that the return of the evoked LCBF to the prestimulus (baseline) level under the hyperoxic condition was delayed in comparison to that under the normoxic condition (Fig.  5B ). This suggests a possibility that oxygen also affects the production of mediators (e.g., hydrogen ions and adenosine) involved in the regulation in the later part of the evoked LCBF response. Enhancement of the neurogenic regulation by oxygen is a possible mechanism. However, there is no report of any increase in the level of neuronal activity or neurotransmission to suggest stimulated neurogenic regulation during oxygen uptake. Therefore, it is unclear whether the neurogenic regulation is relevant to LCBF enhancement under the hyperoxic condition. The direct action of oxygen is also another possibility. Thus, the oxygen tension or oxygen content may be relevant to LCBF regulation [7, 8] .
